Recent research on rainforest speciation has highlighted the importance of habitat variation in generating population diversification but lacks evidence of an associated reduction in gene flow. This paper describes a study in which molecular markers were used to examine the effects of allopatric divergence and habitat on levels of gene flow in the Caribbean lizard, Anolis roquet. Three study transects were constructed to compare variation in microsatellite allele frequencies and morphology across phylogenetic and habitat boundaries in northern Martinique. Results showed reductions in gene flow to be concordant with divergent selection for habitat type. No evidence could be found for divergence in allopatry influencing current gene flow. Morphological data match these findings, with multivariate analysis showing correlation with habitat type but no grouping by phylogenetic lineage. The results support the ecological speciation model of evolutionary divergence, indicating the importance of habitats in biodiversity generation.
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Anolis roquet ͉ gene flow ͉ Martinique ͉ microsatellite ͉ rainforest U nderstanding speciation processes in rainforests is key to predicting changes in species number and planning conservation strategy (1) . Ecological speciation due to divergent natural selection has emerged as an alternative theory to speciation in geographic isolation. Recent studies in support of an ecological gradient model of speciation in rainforests have shown morphological differences between habitats but have not tested for a reduction in gene flow (2, 3) or have not reported such a reduction where it has been tested (3, 4) . Morphological variation along ecological gradients may indicate diversification, but speciation is not an inevitable consequence of population differentiation (5), and molecular evidence of reduced gene flow is needed to strengthen support for the theory of ecological speciation (6, 7) . Here we use microsatellite markers to estimate gene flow and compare patterns of interbreeding among populations of a Caribbean lizard within a rainforest habitat and between habitats on the island of Martinique.
Martinique is typical of many mountainous islands in the Lesser Antilles arc, with a volcanic geological history producing faunal distributions representing past vicariance and a diverse microclimate resulting in pronounced habitat zonation. The endemic tree lizard, Anolis roquet, is found throughout the island and demonstrates marked morphological differentiation among geographic regions (8, 9) . The north of Martinique is dominated by montane rainforest that is bisected north-south by a boundary between mitochondrial haplotype clades (Fig. 1, ref. 9 ). mtDNA sequence data give an estimated divergence time of 7.6 million years between the eastern and western lineages of A. roquet (maximum uncorrected sequence divergence of 10.6%, assuming 1.4% divergence per million years). The timing of divergence is consistent with geological evidence for the rise of corresponding precursor islands that were recently joined to form present-day Martinique, suggesting allopatric divergence between lineages (9, 10). The western lineage contains a steep ecological transition from central montane rainforest to xeric woodland along the Caribbean coast that occurs over a distance of 10 km [ Fig. 1 (11) ]. Such a system presents an opportunity to compare the effects of allopatric divergence and habitat on the evolution of A. roquet in this region.
Methods
Sampling Regime. We established three study transects, each consisting of between seven and ten localities in northern Martinique (Fig. 1 ). Localities were selected to cover regions of potential change while remaining separated by distances well in excess of single-generation migration distance for A. roquet. The transects were designed to allow a comparison between the effects of historical separation and habitat type on morphology and levels of gene flow in A. roquet. The ''Lineage Transect'' runs within a montane rainforest environment but crosses the deep north-south lineage boundary. The ''Habitat Transect'' runs within a single lineage but follows a sharp ecological gradient eastwards from xeric Caribbean coastal woodland to central This paper was submitted directly (Track II) to the PNAS office.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AF415158 -AF415165).
*To whom correspondence should be addressed. E-mail: r.s.thorpe@bangor.ac.uk.
Fig. 1.
Northern Martinique, showing the position of the three study transects with sampling localities (symbols), the phylogenetic lineage boundary (black line), and habitat structure for the region under study (shading). Gene Flow. Gene flow was measured by using eight polymorphic microsatellite loci (12) to screen lizards from each locality along the three transects. The resulting allele frequencies were tested for linkage disequilibrium, null alleles, and departure from Hardy-Weinberg equilibrium (13, 14) . Selection at individual loci was further tested for by examining the change in F IS with increased locality pooling (13, 15) before gene flow along each transect was estimated by using F ST (16) . In addition, we investigated population structure by using analysis of molecular variance (14) , where localities were grouped into hypothetical populations based on mtDNA lineage (Lineage Transect), habitat type (Habitat Transect), or an arbitrary north-south split (Control Transect). These groupings were then tested to see Table 1 . Observed (HO) and expected (HE) heterozygosity and allele range for microsatellite loci (L031, L068, L062, L035, L120, L014, L065, L126) and transect localities (T11-T37) Asterisk ( * ) indicates a significant departure from Hardy-Weinberg equilibrium following sequential Bonferroni correction (␣ ϭ 0.01, k ϭ 24). Shared alphabetic superscript indicates pairwise linkage disequilibrium between those loci at that locality when departure from Hardy-Weinberg equilibrium is not involved.
whether the microsatellite allele frequencies supported the proposed population structure. . These data were subjected to canonical variate analysis (18) for each transect, grouping by locality, to allow identification of change in multivariate morphology with geographic transect distance.
Results and Discussion
Before examining population structure using the F ST metric, the implicit assumption that populations are at genetic equilibrium was tested by screening allele frequencies for linkage disequilibrium and departures from Hardy-Weinberg equilibrium (Table 1 ). There were no consistent departures from HardyWeinberg equilibrium or sign of linkage disequilibrium and no evidence of null alleles from heterozygote deficiency. These results support the assumption of migration-drift equilibrium Significant between-group covariance on the Habitat Transect supports population structure by habitat type. AMOVA locality groupings: Lineage Transect, three western vs. 4 eastern lineages; Habitat Transect, three montane vs. five transitional vs. two xeric; Control Transect, four northern vs. three southern. Asterisk ( * ) signifies significance (P Ͻ 0.01). NS, nonsignificance.
and indicate that the microsatellite loci are not affected by selection. F IS was found to increase uniformly across all loci with locality pooling, further demonstrating that no individual locus was being selected. Consequently, pairwise F ST was used to identify reductions in gene flow between adjacent localities.
No reduction in gene flow between localities spanning the lineage boundary on the Lineage Transect was found ( Fig. 2A) . Only a single F ST pairwise estimate along the entire transect was significant (P Ͻ 0.05), and when adjusted for between-locality distance, it can be seen to have minimal effect on the pattern of gene flow. Furthermore, there was no support for a lineagebased population structure in the microsatellite data under analysis of molecular variance (AMOVA) (P Ͼ 0.05, Table 2 ). In contrast, the Habitat Transect displayed marked reductions in gene flow in two regions (Fig. 2B) . At the changes from xeric coastal woodland to transitional woodland and from transitional woodland to montane rainforest, pairwise F ST values are both significant and show sharp reductions in gene flow per unit distance indicating reduced interbreeding between habitats. Population structuring by habitat was also supported by AMOVA (P Ͻ 0.01, Table 2 ). Estimates of gene flow for the Control Transect were similar to those on the Lineage Transect, with no sharp reductions in gene flow and no support for the arbitrary north-south grouping under AMOVA (P Ͼ 0.05, Table  2 ) (Fig. 2C) . Taken together, the microsatellite results for the three transects strongly suggest that gene flow restriction is predominantly ecologically driven and not related to historical population boundaries.
Morphological variation based on the canonical variate analysis results agrees with the pattern of population differentiation shown by the microsatellite data. Multivariate analysis shows that morphology is not linked to lineage on the Lineage Transect with first canonical variate score (CV1) scores showing no grouping congruent with the historical phylogenetic structure (Fig. 3A) . In contrast, morphological variation parallels F ST estimates of gene flow on the Habitat Transect indicating an association between morphology and gene flow. The change in CV1 score with transect distance shows a stepped clinal structure at the rainforest boundary with rapid transition in morphology correlating with the sharp change in habitat type as opposed to graduated geographic change (Fig. 3B) . Morphological data for the Control Transect (Fig. 3C ) are similar to those of the Lineage Transect with no indication of a clear categorical pattern of geographic variation. These results support the finding (9) that primarily selection, not phylogeny, is controlling morphology in A. roquet.
Rapid morphological differentiation and adaptation to local environments is a well-documented phenomenon (19) that has been previously demonstrated in a number of Anolis lizard species (20, 21) . Selection on limb length for survival in different vegetation types has shown the potential pressure for a reduction in interbreeding between habitats (21), whereby adaptation to a particular niche could reduce migration between populations. Predation risk has also been suggested as a potential selective force on lizard morphology between habitats (2). Although changes in vegetation type are very rapid along the Habitat Transect, A. roquet is distributed continuously along its length, requiring an intrinsic barrier to gene flow to explain our results. Microniche variation, temporal display variation, and intersexual selection through female choice are currently being investigated as possible sources of behavioral isolation. Male intrasexual selection has previously been demonstrated in Anolis lizards (22, 23) , and such behavior in A. roquet combined with differential adaptation by males to specific habitat type may account for reduced gene flow between habitats.
Until now, there has been little evidence that ecological selection has limited interbreeding between populations of tropical forest animals, and allopatric speciation models remain popular (24) . However, the ecological hypothesis of speciation is gathering support (25) , and examples of reductions in gene flow have been found in other ecosystems. In Cameroon, adaptation to either benthic or limnetic lifestyles within small lakes has led to reproductive isolation between habitats in cichlid fish (26) , and in the Atlantic Canary Islands, reduced gene flow across a latitudinal ecotone has been observed in lacertid lizards (27) . Such work typifies a recent shift in focus of evolutionary studies away from speciation models based solely on allopatry. Our findings here further this research by presenting one of the first examples of ecologically driven gene flow reduction across a habitat boundary.
